The phantom array effect, also known as ghosting, is one of the temporal light artefacts caused by temporally modulated light systems. In this study, the visibility of the phantom array effect under indirect viewing office lighting conditions was tested to verify whether it can cause a problem when making saccades across words during reading. Results show that, under a very critical condition of a white target on a black surface, the phantom array effect is easily perceived, especially at the intermediate frequency of 600 Hz. But under the normal reading condition of a black target on a white surface, the phantom array effect becomes very difficult to detect.
Introduction
Light emitting diodes (LEDs) are the dominant general purpose lighting technology nowadays, thanks to their high performance and low power consumption. One of the most attractive advantages is the fast response of the light output to changes in the driving current, which enables the easy creation of dynamic light effects. However, the changes of luminance caused by these dynamic light effects could produce some unwanted spatio-temporal changes in the viewer's perception of the environment, which are termed temporal light artefacts (TLAs). TLAs could not only impair lighting quality, but also increased the risk of having a negative impact on human's body (Stone,1992) . Thus, it's very important to better understand the visibility of the TLAs and to prevent their occurrence.
There are three kinds of TLAs, named flicker, stroboscopic effect, and the phantom array effect. The phantom array effect, also known as ghosting, is the focus of this study. The phantom array effect is defined as "change in perceived shape or spatial positions of objects, induced by a light stimulus the luminance or spectral distribution of which fluctuates with time, for a nonstatic observer in a static environment." (CIE TN 006:2016) Until now, most studies focused on the visibility of this phenomenon under direct view conditions, i.e. when observing the light source directly. In such viewing conditions, the phantom array effect is visible at frequencies above the critical flicker frequency, i.e. 80 Hz, and is more readily perceived for light source with high luminance and a sharp edge (Vogels I,2012; Lee C S, 2016), creating a high contrast between the target and the background. Besides, the phantom array effect is reported to be less visible at higher frequencies (Vogels I, 2012; Roberts J E, 2013; Wang L, 2017) . However, our recently study reveals that, the visibility of this effect depends on frequency, following a U-shape form, with the effect being most visible at around 600 Hz (Yu XL, 2018) . This study also presents that, the phantom array effect is more visible when the light waveform is square, compared to sinusoidal wave, and blue light results in less visible effect, compared to red and white light.
However, some research has suggested that the phantom array effect also might be perceived during reading, i.e. under indirect viewing conditions, when the light source generating temporally modulated light is not in the observer's field of view. It has been argued that under such conditions making saccades across words can result in a visible phantom array effect which might interfere with reading. Thus, it's important to also study the phantom array effect under indirect viewing office lighting condition, and to verify whether it can cause a problem during reading.
In this paper, we present two perception experiments conducted under office lighting conditions, in which we studied the influence of different parameters: contrast of the pattern, temporal modulation frequency, and illumination level on the visibility of the phantom array effect. The results provide information about the visibility of the phantom array effect in applications with lighting conditions similar to offices, such as home and hospitability.
Experimental design
A typical office luminaire equipped with LEDs was mounted in a room. The voltage of the LEDs was controlled by a programmable waveform generator via a computer. The relation between voltage and output light intensity was measured to transform the desired intensity into the required voltage. A regular table was placed right under the luminaire, with the height of 75 cm above the floor.
In the first experiment, the table was covered with a black surface, and a white paper strip that served as the target, was placed in the center of it. The strip had the width of 0.2 cm and the length of 2.5 cm. During the experiment, the averaged illumination on the table was about 250 lx, and the Michelson contrast was around 0.93 between the target and the background. Two fixation points were positioned at both the left edge and right edge of the desk, to generate a saccade amplitude of about 50 degrees. During the experiment, participants were instructed to make saccades over the white target by fixating alternatively at each of the two fixation points. Fig. 1 shows the experimental set-up. To test the visibility of the phantom array effect, sinusoidal waveforms with 3 different frequencies, i.e. 100Hz, 600Hz and 1200Hz with a series of 5 different modulation depth were generated to modulate the light output in varying degrees. We conducted pilot experiments to ensure the selected modulation depths were distributed within a reasonable range. With 100Hz and 1200Hz, the modulation depths of 20%, 30%, 50%, 70% and 100% were selected. Since the pilot participants were more sensitive at 600Hz, and a modulation depth of 30% could be fully detected in the pilot experiment, 5 lower modulation depths were selected for this particular frequency, i.e. 8%, 10%, 12%, 15% and 20%. In total, there were 15 stimuli (= 5 modulation depth * 3 frequency).
A 2-Alternative-Forced-Choice (2AFC) methodology was adopted in the experiment. During the experiment, participants were exposed to a number of trials. Each trial consisted of two light conditions: constant light output (DC) and modulated light (the stimulus light). The table was first illuminated by one of the two light conditions for 5 seconds, then the light turned off for 3 seconds, followed by the other light condition. Participants were instructed to constantly make eye saccades and to point out in which light condition they perceived the effect. For each of the 15 stimuli, ten repetitions were executed, constituting 150 trials in total. To limit the experiment duration and avoid visual fatigue and mental exhaustion, we divided the experiment into 3 sessions according to the three frequencies. Thus, we got 50 trials in each session, which took about 15 minutes for a single participant. In total, 20 subjects participated in this experiment, 10 males and 10 females, with age ranged between 22 and 26.
To measure the visibility of the phantom array effect under a more normal office lighting condition, instead of the very critical condition tested in the first experiment, an inverse contrast pattern was presented: the table was covered with a white surface and a black paper strip that served as the target was placed in the center of it, yielding a Michelson contrast of around -0.93. We performed a pilot study which revealed that the phantom array effect was almost imperceptible. Thus, only the most sensitive situation obtained in the first experiment, i.e. sine wave with the frequency of 600 Hz at full modulation depth, was used as the test waveform in the second experiment. In addition, two illumination levels were tested in separate sessions. In session 1, the average illumination measured on the table was around 250 lx, and in session 2 it was about 500 lx. The other set-up and the procedure was the same as in the first experiment. All of the 20 participants from experiment 1 joined the first session, and 14 of them joined the second session.
Results and Discussions
The number of times the phantom array effect was correctly detected was counted and averaged for each stimulus and participant.
Results of the first experiment are presented in Fig. 2 , with error bars representing the 95% confidence intervals. Results show that, for all the three tested frequencies, the phantom array effect is more visible, i.e. has higher detection rate, at a higher modulation depth. Since the 2AFC methodology was adopted, the averaged visibility threshold could be deduced from the modulation depth corresponding to 75% of the correctly detection rate. The threshold was around 26%, 14% and 46% modulation depth for 100 Hz, 600 Hz and 1200 Hz, respectively. It is notable that, the visibility threshold measured for the sine wave at the frequency of 600 Hz was lower than the threshold at 100 Hz and 1200 Hz. This indicates that the phantom array effect is more readily visible at intermediate frequency of 600 Hz, compared to the lower (100 Hz) or higher frequencies (1200 Hz). This result corresponds to the U-shape sensitivity curve obtained in our previous study with direct viewing condition. Averaged detection rate together with the 95% confidential interval of the second experiment are presented in Fig. 3 . Results show that the averaged probability of detection is about 70.5% at 250 lx and 70% at 500 lx. A large variation among participants was found. An independentsample t-test showed that there was no significant difference between these two illumination levels. As in a 2AFC method that was used, a 75% detection corresponds to a visibility threshold, the results indicate that most subjects cannot detect the phantom array effect under the condition with a black target on a white background. Besides, the illumination level within the range of 250 lx and 500 lx has no influence on the visibility. 
Conclusions
This paper investigates the influence of contrast pattern, frequency, and illumination level on the visibility of the phantom array effect. The results obtained in this study generally show that the phantom array phenomenon could have some effect even though participants do not look at the light source directly, especially when they are looking at a white target on a black background. People are more sensitive to the effect at intermediate frequency levels (around 600 Hz) compared to the lower or higher frequencies. This result corresponds well to the Ushape dependency of frequency to the visibility of the phantom array effect, obtained in our previous study with direct viewing condition.
However, if a participant is looking at a black target on white background, i.e. just like during normal reading, this effect is generally not visible, no matter whether the illumination level is high (around 500 lux) or low (around 250 lux). Furthermore, the size and corresponding speed of the saccades we used in the experiment were much larger than the usual sizes and speeds during normal reading. Both of these facts indicate that the phantom array effect should not be a problem during reading normal text.
As the maximal modulation possible for sinusoidal modulations at 600 Hz produced effects very close to the visibility threshold, further studies are needed to better measure the thresholds. One possible approach is to use square waveforms at different frequencies and with low duty cycles..
